Abstract: Influenza continues to cause severe illness in millions and deaths in hundreds of thousands annually. Vaccines are used to prevent influenza outbreaks, however, the influenza virus mutates and annual vaccination is required for optimal protection. Vaccine effectiveness is also affected by other potential factors such as the human immune system, a mismatch with the chosen candidate virus, and egg adaptation associated with egg-based vaccine production. This article reviews the influenza vaccine development process and describes the implications of the changes to the cell-culture process and vaccine strain recommendations by the World Health Organization since the 2017 season. The traditional manufacturing process for influenza vaccines relies on fertilized chicken eggs that are used for vaccine production. Vaccines must be produced in large volumes and the complete process requires approximately 6 months for the egg-based process. In addition, egg adaptation of seed viruses occurs when viruses adapt to avian receptors found within eggs to allow for growth in eggs. These changes to key viral antigens may result in antigenic mismatch and thereby reduce vaccine effectiveness. By contrast, cell-derived seed viruses do not require fertilized eggs and eliminate the potential for egg-adapted changes. As a result, cell-culture technology improves the match between the vaccine virus strain and the vaccine selected strain, and has been associated with increased vaccine effectiveness during a predominantly H3N2 season. During the 2017-2018 influenza season, a small number of studies conducted in the United States compared the effectiveness of egg-based and cell-culture vaccines and are described here. These observational and retrospective studies demonstrate that inactivated cell-culture vaccines were more effective than egg-based vaccines. Adoption of cell-culture technology for influenza vaccine manufacturing has been reported to improve manufacturing efficiency and the additional benefit of improving vaccine effectiveness is a key factor for future policy making considerations.
Introduction
Influenza causes up to 5 million cases of severe illness worldwide and between 290,000 and 650,000 respiratory deaths each year. 1 Its seasonal appearance is associated with increased visits to emergency rooms and primary care physicians, increased absenteeism at work and school, and increased hospitalizations-particularly in the elderly and persons with chronic conditions. 2 Influenza vaccines are widely used to prevent outbreaks. However, antigenic drift (due to mutations in key viral antigens) in the virus and a lack of long-lasting antibody titers even with vaccination means that optimal protection can only be achieved with annual vaccinations developed by careful surveillance and prediction of emerging strains. Despite a well-established system of surveillance and vaccine production, current influenza vaccines, even when given annually, do not provide complete protection. There are a number of reasons for this including characteristics of the human immune system, mismatch between the circulating strain and the vaccine strain, and egg adaptation of viral seeds. 3 New and emerging manufacturing technologies such as cell-culture isolation of the seed virus may improve the closeness of vaccine virus match to circulating strains and thereby improve effectiveness and, thus, further reduce the burden of disease from influenza. In the case of a pandemic, it also offers an opportunity to provide for a more rapid response, which obviates the reliance on eggs for vaccine bulk production.
Background
Influenza is an infectious respiratory disease that has three different genera or types, A, B, and C, which are antigenically distinct. 4 Influenza type A is further classified into subtypes, such as A/H1N1 and A/H3N2, by surface glycoproteins hemagglutinin (HA) and neuraminidase. Influenza B types are differentiated by lineages such as B/Yamagata and B/Victoria (Figure 1 ). 2, 4 Influenza A is the most frequent cause of influenza in humans. 2 The A/H3N2 strain has the highest rate of morbidity and mortality. One analysis of 31 influenza seasons in the United States showed that in 22 seasons in which influenza A/H3N2 was the dominant strain mortality rates were 2.7 times higher than in the non-H3N2-dominant seasons. 5 Similar results were seen in other studies in other parts of the globe. 6, 7 In the winter of 2014-2015 in England, 28,484 deaths were due to influenza with 93% occurring in persons 65 years or older. 8 In the 2017 influenza season in Australia when H3N2 was estimated to make up 55% of cases, there were 745 deaths compared with the 5-year average of 176. Most of the deaths were in the elderly. 9 In the 2017-2018 season in the United States, H3N2 viruses predominated and there were 172 pediatric deaths due to influenza, which was the highest number of influenza-related deaths in children reported in a single nonpandemic season. 10 The more genetically stable influenza B viruses, B/Yamagata and B/Victoria, have been circulating for 40 years and yet it is still challenging to determine which one will be dominant during a season. 2 Influenza C is less common and has only caused mild respiratory infections. 2 Influenza-related complications are myriad and include pneumonia, bronchitis, sinus infections, ear infections, and exacerbation of many chronic conditions such as asthma, congestive heart failure, and chronic obstructive pulmonary disease. 11 Most who are infected with influenza experience mild illness that does not require medical intervention and resolves within 2 weeks; however, for others influenza complications can require hospitalization and can lead to death. 11 In the United States, an analysis of 31 consecutive influenza seasons showed that the estimated average number of annual influenza deaths due to pneumonia and influenza causes was 6309 with a low of 961 in 1986-1987 and a high of 14,715 in 2003-2004 . 5 The estimated average number of influenza-associated deaths with underlying respiratory and circulatory causes was 23,607 with a low of 3349 in 1986-1987 and a high of 48,614 in 2003-2004 . Most deaths (89.4%) were seen in persons aged 65 years or older. 5 When excess mortality is observed, an outbreak is considered an epidemic. When a new influenza virus emerges due to antigenic shift, a pandemic can occur and mortality rates can soar. 12 In the 1918 Spanish Influenza pandemic up to up to 50 million people died worldwide; pandemics have also occurred in 1957, 1968, 1977, and 2009. 2,3 Although the severity of the outbreak and the groups most affected vary in each influenza epidemic, certain high-risk groups have been identified who should receive vaccination and treatment. 2 In the United States, the recommendation is for annual influenza vaccination of 14 To improve the immunogenicity in certain populations such as the elderly, a high-dose version of the trivalent vaccine was approved for use in 2010 that has four times the standard HA dose. 14 Adjuvants-substances that increase immune responses to an antigen-can be added to influenza antigens to improve vaccine immunogenicity, particularly for vulnerable populations. An influenza vaccine with MF59 adjuvant, which is a squalene oil-in-water emulsion system, is licensed in the United States, Europe, and some countries in the Asia pacific region including Australia for persons aged 65 years and older who do not have a history of severe allergic reaction to the vaccine or its components. 15 A number of adjuvants are used in pandemic influenza vaccines including aluminum salt, MF59, and AS03. 16 Other adjuvants are under investigation including immunostimulatory DNA sequences and bacterium-derived components. 14 A key characteristic of influenza virus is continuous antigenic drift which requires that the vaccine be reformulated each year because of ongoing viral evolution through antigenic drift ( Figure 2 ). This need for annual reformulation is unique to the influenza vaccines. 17 The Influenza vaccines have a good safety record, but their effectiveness varies widely. One important issue is the potential for mismatch between the vaccine-selected strain and circulating strain, which is not uncommon. Between 2002 and 2015, five virus mismatches to the influenza vaccine had occurred. 20 The potential effect of these mismatches can be seen in the increase in outpatient visits seen in those years ( Figure 3 ).
Influenza manufacturing processes
The seed virus isolation and manufacturing process for influenza vaccines can also directly affect the match of the vaccine virus to circulating strains and thereby the effectiveness of influenza vaccines ( Figure 4 ).
For more than 70 years, influenza vaccines have been manufactured through an egg-dependent process. 4 Viruses to be used in manufacturing are either obtained directly from clinical samples by the WHO GISRS and passaged directly in eggs to become the CVV or, if the virus does not grow well in eggs, they will undergo a process called reassorting in order to obtain a better growing virus. Reassorting is performed by co-infecting eggs with the chosen potential CVV and with a 'donor' strain, which is a well-characterized virus that grows well in eggs. As the viruses grow in the eggs, they may swap gene segments resulting in a virus that still contains the important antigenic elements of the proposed CVV but now grows better in eggs because the virus contains genes from the donor virus. On a larger scale, this new reassorted virus is chosen to be the CVV and many embryonated eggs are infected with the virus. After an incubation period, the allantoic fluid is harvested from the eggs, the virus is killed (or inactivated), and the key viral antigens are purified for use in influenza vaccine. 21, 22 The traditional egg-based process is a time-tested process but can be associated with some challenges. For inactivated vaccines, each dose of vaccine requires three to four eggs depending on the whether it is TIV or quadrivalent influenza vaccine (QIV), which means the coordination of the production of more than 100 million embryonated chicken eggs in flocks that must be pathogen free (clean). Ensuring clean flocks can be challenging as can maintaining sterility throughout the manufacturing process. Lapses in hygiene can lead to the need to reject large amounts of vaccine. 23 In addition, embryonated hens' eggs are not the ideal substrate for all virus strains; the H3N2 strains do not grow well. 23 Importantly, the manufacturing process for inactivated influenza vaccines requires that the influenza virus infects the cells used in the process (e.g. avian cells for eggs). Seasonal viruses grow in humans and thus naturally grow in some mammalian cells. The influenza virus needs to bind to a cellular receptor in order to infect a cell. Avian cells have different receptors than are on the surface of mammalian cells. This means that for a human influenza virus to grow well in avian cells it needs to adapt to bind the avian receptor in a process known as egg adaptation. Unfortunately, the region in which the adaption occurs on the influenza virus is the same region that is dominant antigenically. This means that as the virus adapts to grow in eggs, it has the potential to differ antigenically to circulating viruses. This difference may drive egg-based vaccines to potentially be less effective at preventing influenza infection than their nonegg adapted mammalian cell grown counterparts. 24 In 2012 a manufacturing process was approved by the United States Food and Drug Administration (FDA) that uses cell-culture technology for influenza vaccine production. In 2016 this process also extended to include both isolation and bulk production, which was also approved by the FDA for the development of WHO-isolated CVVs (versus egg-based). 4 Starting in the 2017-2018 season, WHO has provided strain recommendations for seasonal influenza vaccines for both egg-derived and cell-derived CVVs. 25 The cell-culture technology process isolates and grows viruses in Madin-Darby Canine Kidney (MDCK) cells rather than fertilized eggs. The production of cell-based influenza vaccines and the cell-grown CVVs allows for the elimination of the potential for egg-adapted changes and grows viruses that are closer to the circulating strain. 25, 26 In addition, cell-based production is not dependent on a supply of eggs; instead MDCK cells can be frozen in large quantities if needed for a pandemic. 25 Cell-based and recombinant influenza vaccines are available for use in the United States and, recently, a cell-based QIV was also licensed in the EU. Efforts are underway for these vaccines to be made available in more geographies. 27,28 Cell-derived viruses have been shown to better match circulating viruses than egg-derived viruses. [29] [30] [31] The WHO Collaborating Centre data for influenza have been analyzed to determine the match of circulating viruses between the 2003 and the 2017-2018 season to selected MDCK-derived and egg-derived viruses, some of which were chosen for the vaccine in the respective season. A retrospective analysis showed that a substantially higher proportion of the MDCK propagated viruses matched the circulating influenza A/H3N2 viruses than the egg-propagated viruses. 32 Other novel manufacturing processes are being developed to produce effective vaccines more quickly. In one process, recombinant technology is used to isolate the HA gene from a "wild type" influenza virus and then insert the HA gene in a baculovirus based expression system. This recombinant baculovirus infects insect cells and expresses both baculovirus proteins and the HA protein encoded by the inserted genes. The expressed influenza HA protein is harvested and purified. 33 The resulting HA component is genetically identical to the HA of the selected strain. This process can produce some vaccine quantities within 6-8 weeks. 33 Another type of manufacturing process is in development that uses plants to produce vaccines. This process, like the insect cell process above, also uses a virus that encodes for the DNA sequence of a chosen HA. The virus infects the host plant and again both the noninfluenza viral proteins and the selected HA protein are expressed. 34 Very similar to the previous process, the HA is purified from the host cells and this purified HA acts as the relevant influenza component of the vaccine. 35 The production process can produce a vaccine in 5-6 weeks. 34, 36 Historical review of the effectiveness of egg-derived vaccines Although influenza vaccines are widely recommended as influenza prophylaxis, actual effectiveness can be suboptimal. There are several reasons for this: natural drift, population level immunogenicity, study methodology, seasonal variation, and strain selection issues (including egg adaptation 38 The meta-analysis showed that the vaccine effectiveness for H1N1 was 67% (95% CI: 29-85), for H1N1pdm09 was 61% (95% CI: 57-65) and for type B was 54% (95% CI: 46-61). For H3N2, the overall pooled effectiveness was much lower at 33% (95% CI: 26-39) 38 with even lower effectiveness from seasons with mismatch (23%). This lower effectiveness with H3N2 vaccine effectiveness was seen across all age groups; pediatric (43%), workingage adults (35%), and older adults (24%). 38 Comparative effectiveness of egg-derived and cell derived influenza vaccines from the 2017-2018 season Cell-based inactivated influenza vaccines have been shown to be modestly more effective than egg-based inactivated influenza vaccines. A 2017-2018 real-world observational study evaluated the relative effectiveness of inactivated influenza vaccines prepared in embryonated chicken eggs compared with those prepared in mammalian cells. 39 The study included more than 13 million Medicare beneficiaries age 65 years or older-nearly all the vaccine recipients in the United States in this age group-who had received inactivated influenza vaccines in a cell-based quadrivalent form (n = 659,249) or four types of egg-based vaccines; quadrivalent (n = 1,863,654), high-dose trivalent (n = 8,489,159), adjuvanted trivalent (n = 1,473,536), or standard dose trivalent (n = 1,018,494). The primary data source was Medicare administrative files with patient details on enrollment, inpatient and outpatient care, physician office visits, and prescription drugs from 6 August 2017 to 4 August 2018. The primary outcome was influenza-related hospital encounters (i.e. inpatient hospitalizations and emergency department visits as defined by the In the 2017-2018 influenza season, half of US service members who were immunized received cell-based vaccines. A study analyzed the data from the Defense Medical Surveillance System who had received either a cell-based influenza vaccine or an egg-based influenza vaccine between 1 August 2017 and 28 April 2018. The analysis used two study designs. For the case test-negative design, which included laboratory-confirmed influenza cases, the adjusted RVE of cell-based influenza vaccines (n = 2467) compared with eggbased influenza vaccines (n = 3239) was 5% (95% CI: -10, 17). The second study design was based on cohorts as defined by outcomes for influenzalike illness (ILI) or diagnosed influenza. For all cohorts, 50% received the cell-based influenza vaccine. Compared with egg-based influenza vaccines, the adjusted RVE of cell-based influenza vaccines for ILI medical encounters was 2% (95% CI: 0, 4), for ILI hospitalization 16% (95% CI: -9, 35), for influenza-specific medical encounter 16% (95% CI: 11, 20) , and for influenza hospitalization 46% (95% CI: -18, 76). These results showed that the RVE of cell-based influenza vaccines was similar to or greater than that of eggbased influenza vaccines but only statistically significant for ILI and influenza-specific medical encounters. 40 Other outcomes are not statistically significant and therefore should be interpreted with caution.
A Kaiser Permanente Northern California study included all members (n = 3,015,891) from the ages of 4 years of age to 64 years of age over the 2017-2018 influenza season. 31 The study evaluated persons who received an inactivated influenza vaccine that was either cell-based quadrivalent (n = 84,440) or egg-based (n = 932,874), which was mostly trivalent (86.5% 31 Similar to the previous study the outcomes are not statistically significant and the authors concluded that increased power may have allowed for a definitive assessment on whether there was indeed a modest advantage with cell based vaccines over egg-based vaccines.
A large United States electronic medical record dataset of the 2017-2018 influenza season was retrospectively evaluated to investigate the effectiveness of cell-based vaccines compared with egg-based vaccines for persons presenting to primary care practices. 41 Patients who were 4 years of age to 65 years of age and older were enrolled from 1 August 2017, to 31 March 2018, and received quadrivalent influenza vaccines that were either cell-based (n = 92,192) or egg-based (n = 1,255,983). The overall estimate of RVE as defined by the prevention of ILIs was significantly higher for the cell-based quadrivalent inactivated influenza vaccine compared with the egg-based vaccine 36.2% (95% CI: 26.1, 44.9, p < 0.001). 41 Therapeutic Advances in Vaccines and Immunotherapy 8 8 journals.sagepub.com/home/tav A complicating factor for these studies is that cellbased manufacturing systems still use both eggbased CVVs as well as cell-based CVVs; the 2017-2018 cell-based vaccine included three cell-based CVVs and one egg-based CVV (H1N1). As a result, the egg-CVV virus may retain egg-characteristics and the improvements shown in the cell-based vaccine were most likely due to the cell-based components, particularly for H3N2. All four components for the 2019-2020 influenza vaccine are cell-based CVV for the first time and this offers an opportunity to monitor the outcomes for all these strains in the future. 42 
Conclusions
Seasonal influenza outbreaks and epidemics are a regular part of our modern world. Influenza vaccines are important in minimizing the effects of what can be a devastating disease. Although vaccines have been available for many years, the traditional manufacturing process, which relies on fertilized hens' eggs is logistically complicated and egg-derived manufacturing may encounter extended delays due to the need for a continuous and large supply of eggs. In addition, egg-based vaccines are often affected by egg adaptation (particularly for H3N2) in seed strains, which may lead to a decrease in vaccine effectiveness.
The new process of cell-based isolation and manufacturing offers some advantages including an improved production process that may allow for faster development and a minimization of egg-adaptation. Studies indicate that viruses produced in a cell-based process more closely match the circulating virus than those produced in an egg-based process, and observational data from the 2017 to 2018 season provides some supportive evidence of potential improved effectiveness. As a result, both cell-based and other nonegg technologies used for the production of influenza vaccines will likely further reduce the burden of disease as investigators continue to search for the holy grail of a universal influenza vaccine.
